Thermal oxidization.
To prevent electric current from flowing through the substrate to the droplet, or electrolysis, the silicon dioxide layer was formed on the microstructured (and flat) surface by thermal oxidization. Prior to the oxidization, the surface was cleaned again using Piranha solution (H2SO4:H2O2=1:3) at 100°C for 8 minutes to remove organic impurities, followed by HF (5 wt%) to remove the native oxide layer. Thermal oxidization was done in an oxidization furnace (Koyo Thermo Systems Co., Ltd.) under the condition of wet oxidization (O2 pass through water at 90°C), O2 flow rate=0.5 L·min -1 , temperature=1050°C, oxidizing duration=22 minutes. The thickness of the silicon dioxide layer was measured with the thin film thickness measurement apparatus (Nanospec 210, Nanometrics) to be 286±2 nm, which is thick enough to avoid electrolysis. The thickness of the insulator layer d is also related to the energy stored in the insulator layer during electrowetting, which determines the equilibrium contact angle. According to the Young-Lippmann equation (7), the change of the equilibrium contact angle by applying voltage V is expressed as
where EW and eq indicate the equilibrium contact angle with and without applied voltage,  is the surface tension between liquid and gas, 0 is the permittivity of vacuum, and d is the relative permittivity of insulator, respectively. Figure S2 a shows the sketch of the fabricated microstructures. Each structure is characterized by the width of the pillar a and the gap length b between pillars next to each other. Height of the pillar h was set to 1.3 m in this work. Figure S2 b-f are the SEM images of the fabricated microstructured surfaces. Here, we prepared 6 different structures: (a, b) = (5.3, 4.7), (1.1, 2.9), (2.2, 1.8), (1.1, 0.9), (1.7, 0.3) in the units of micrometers and the flat surface. The surface roughness is expressed as S = ((a+b) 2 +4ha)/(a+b) 2 = 1+4ha/(a+b) 2 . The values of S on each structure are listed in table S1. We chose ultra pure water (PW) and NaCl (0.1 mol·kg -1 )-water solution (NaCl) as working liquids, which have different electric properties as summarized in table S2. The Debye length characterizes the thickness of the electric double layer (EDL) formed inside the liquid during electrowetting, and is expressed as
where  is permittivity of the liquid, k Boltzmann constant, T absolute temperature, and ni and qi are bulk density and electric charge of each ion, respectively. Here the main ions in two liquids are [H + ] and [OH -] in PW and [Na + ] and [Cl -] in NaCl. Here, we assumed that the density and the viscosity of NaCl are the same as those of PW because of the low ion concentration. Moreover, because the values of equilibrium contact angles on flat surface with/without applied voltages are similar between the two liquids, the surface tension of NaCl can be approximated to be the same as that of PW, 0.072 N·m -1 (38). S3 ). The eq was calculated as sineq = r/r0, where r and r0 denote the radii of the footprint area and of the circular arc, respectively.
The droplet diameter was set to 1 mm, small enough to ignore the effect of gravity. The capillary length  -1 that indicates the balance between the gravity and the Laplace pressure (19) is expressed as
where  represents the surface tension between liquid and gas,  the density of the liquid, and g the gravitational acceleration. Since the value of  -1 (=2.7 mm) is smaller than the droplet diameter, the effect of gravity can be neglected in all cases. Figure S4 shows the measured eq for different structures and applied voltages. For all the cases, the values of eq was found to be less than 90 degrees, i.e. partial and Wenzel wetting. The magnitudes of applied voltages here are 0, 50, 100, 150, and 200 V. Note that, as shown in fig. S5 , even in the case of 50 V, it is larger than the voltage where the contact angle saturation is expected by eq. (S1). Here we used the value of silicon dioxide for the relative permittivity of dielectric layer (41). For PW ( fig. S4a ), the decrease of eq with increasing applied voltage was observed except for the surface of (a, b) = (1.1, 0.9) and (1.7, 0.3), where wicking was observed after the spontaneous spreading. The values of eq in the wicking cases were extracted from the snapshot at several seconds after the spreading started and they were qualitatively consistent with the model previously suggested for wicking surfaces (42). Even in these cases, however, the extent of the wicking is expected to be minute at the initial stage of spreading because the spreading is rapid, and thus, eq for these cases is no longer an appropriate measure of the driving force. Apart from the cases with wicking, the values of eq were similar even on different structures with different roughness parameters, therefore, we judge that it is reasonable to adopt (voltage-dependent) eq on flat surface as a measure of the driving force and the input to the boundary condition in the numerical simulations.
The values of eq for NaCl are in general similar to those for PW, expect for cases on microstructured surface with low or no voltage, where the values are larger on the structured surfaces for NaCl than for PW due to the contact angle hysteresis as will be shown in the next section. 
Hysteresis of the contact angle.
We measured the contact angle hysteresis, the difference between the advancing (ad) and receding (re) contact angles for 0V. The measurements were also performed with voltage (100 V) for PW droplet on flat surface and structured surfaces that did not wick at equilibrium. Dynamic sessile droplet method (43) with the setup shown in fig. S6 was used for the measurement. Firstly, the needle was set just above the substrate (the distance between the needle tip and the substrate is less than 0.2 mm) and liquid was sent to the needle by the syringe pump at a slow rate of 0.04 ml per hour. Gradual droplet spreading, keeping almost spherical shape and constant contact angle, was observed using the high speed camera (FASTCAM SA2, Photoron) at 1000 fps and the advancing contact angle was extracted ( fig. S7 a) . Secondly, we performed the reverse process to measure the receding contact angle by slowly subtracting liquid from the droplet until the contact line started receding ( fig. S7 b) .
Note that the advancing contact angle is normally determined in dynamic sessile droplet method as the contact angle where the contact line starts moving by adding liquid to the droplet statically stayed on the surface. Here, we observed the slowly spreading droplets instead to eliminate the influence of wicking. Figure S8 shows the measured contact angle hysteresis. The advancing contact angles significantly increased with the roughness parameter S. The dependence of the advancing contact angle on roughness is in agreement with an early experiment by Johnson and Dettre (44). The receding contact angles on the structured surfaces were smaller than that on the flat surface. As expected, the contact angle hysteresis was much larger on structured surfaces than on flat surface. The hysteresis is somewhat weakened by the voltage but the extent was small.
For the same structure and voltage, the advancing and receding contact angles of PW and NaCl were similar. Although this might be natural in terms of Young-Lippmann equation (7), it is not trivial since the free energy of electrical double layer (EDL) could also contribute to modulate the static contact angle, as discussed in Das et. al. (45) , where the contribution of the EDL is expressed by the same formula as Young-Lippmann equation but replacing the applied voltage and dielectric thickness with zeta-potential and the EDL thickness, respectively.
Although the dependence of the contact angle hysteresis on S was almost the same for the two liquids, the dependence of eq on S were different. In case of NaCl, the similarity between eq and ad for NaCl suggests strong influence of pinning, which is expected to be sensitive to details of the local structures on the surface. On the other hand, in case of PW (without wicking), eq lies nearly in the middle of ad and re, suggesting less the local pinning. In this case, the dependence on S is minute. Therefore, since it is unlikely that the addition of small amount of NaCl significantly changes the wettability, and eq obtained from the cases with excess pinning do not properly characterize the driving force, we adopt eq on flat surface as the representative measure for the input to the CHNS simulation. fig. S9 . The fabricated substrate was set under the thin needle (needle gauge: 33 G, 90°) of which the outer diameter is 0.21 mm. The distance between needle tip and the substrate was fixed to be 1.0 mm. The liquid was slowly delivered to the needle by the syringe pump (KDS 200, KD Scientific) at the rate of 0.04 ml per hour, and the quasi-static sphere droplet grew larger. As soon as the droplet touched the substrate with a small enough speed, the spreading started and was observed from the horizontal direction with the high speed camera (FASTCAM SA2, Photoron, 54000 fps). A lamp (HVC-SL, Photoron) was used to provide lighting with sufficient intensity. Prior to delivering the liquid by syringe pump, the DC voltage was applied by the power source between the needle (grounded) and the conductive part of the substrate under the dielectric silicon dioxide layer. Here, voltages of 0, 50, 100, 150, and 200 V were chosen to clearly see the voltage dependence and saturation. After the measurements, the images were digital-processed to extract the time histories of spreading radius. 
Quantification of the spreading radius.
Following the spreading experiment, the time histories of spreading radius were extracted from the obtained images. Figure S10 a shows examples of the images: the left half is the droplet just before the spreading starts, and the right half at 0.11 ms. The yellow dashed line describes the surface, under which the reflection of the droplet can be observed. In digitization ( fig. S10 b) , the threshold for determining the periphery of the droplet was set to 70 (black=0, white=255). The red lines are marked to show the consistency of the spreading radius between fig. S10 a and b, and to highlight accurate identification of the contact line edge. The spreading radius was converted from pixel to millimeter by comparing the pixel numbers of the contact line to that of the known needle width. Note that, as shown in fig. S10 a, droplet appears to have a finite spreading radius even before the spreading starts due to the limitation in the resolution of the high speed camera. To minimize the influence of this variation and to make the discussion more accurate, we fit a power law to the obtained time histories of spreading radius, and defined the initial time (t=0 ms) by extrapolating the fitting curve as will be described in Section 4.3.
The time histories of the spreading radius are shown in fig. S11 for various voltages and for PW and NaCl. For both PW and NaCl, the variation between the substrates are large at 0 V but becomes smaller with increasing applied voltage until the difference nearly disappears at 200 V for PW and at around 100 V for NaCl. Here, r and t denote the spreading radius and the time, respectively. C and  are the fitting parameters and it is known that the value of them varies in accordance with the spreading conditions (14, 16), for instance, =0.5 for complete wetting (13), and =0.1 for dynamic wetting at the late stage that is governed by the viscous effect (46). Here, the time is defined as t=t'-t0', where the time t' and the time of contact t0' are counted from the beginning of the measurement. As mentioned above, since the precise value of t0' cannot be judge from the images due to the limitation in the camera resolution, t0' was also treated as the fitting parameters. The fitting was successfully done for the time histories of spreading radius until t=1.65 ms with small residual. In fig. S11 , all the experimental values plotted on the graph of spreading histories and power law fitting lines are plotted with respect to t.
We calculated the average spreading speeds in two different ways: based on spreading radius (fig. S12  a) and based on time ( fig. S12 b) . In case of the former, the average spreading speed v between radius r1 and r2 (r1<r2) can be obtained as
Here, v(r) is the spreading speed as a function of spreading radius ( fig. S12 a) . On the other hand, in case of the latter, the average spreading speed v between t1 and t2 (t1<t2) can be obtained as
Here, v(t) is the spreading speed as a function of time ( fig. S12 b) . Figures S13 a, b show the average spreading speed calculated using eq. (S5) when r1 is set to 0.1 mm and r2 is varied. Both for PW (a) and NaCl (b), the average speed decreases with increasing r2 at the rate smaller for 200 V than for 0 V. The average spreading speed is larger for 200 V than for 0 V in the range r2 > 0.3 mm, although at the very initial stage, the speed for 200V is equivalent to or even larger than for 0 V due to the difference in the initial droplet shapes caused by the electric field (see fig S16) . In addition, the substrate dependence of the spreading speed for 200 V is smaller than that for 0V. Figures  S13 c, d shows the values extracted for (r1, r2)=(0.1, 0.4) mm, chosen as the range that the deformation of the upper side of the droplet was small enough to neglect the effect of the needle. The average spreading speeds calculated based on time (eq. (S6)) are also shown in fig. S14 . We could confirm that the increase of spreading speeds and the elimination of the substrate dependency with applied voltage are independent of the way of averaging.
fig. S12. Calculations of the average spreading speed (a) based on spreading radius and (b) based on time. The slope of red lines are corresponded to the result of eq. (S5) in a and eq. (S6) in b. r1 and r2 (r1< r2). (a, b) The r2-dependence of the spreading speed when r1 is set to 0.1 mm for (a) PW and (b) NaCl. The cases of 0 V and 200 V are selected here for clarity. (c, d) Dependence the average spreading speed on the applied voltage (c for PW and d NaCl solution) with (r1, r2)=(0.1, 0.4) mm.
fig. S13. Average spreading speeds calculated between
fig. S14. Average spreading speeds calculated based on time (Eq. (6)) with t1=0.1 ms and variation in t2 (t1< t2) for (a) PW and (b) NaCl. section S5. CHNS simulation 5.1. Governing equations. To understand the experimental results, corresponding numerical simulation based on free energy theory was performed (23). To avoid violating the no-slip condition, this method describes the movement of the contact line by a diffusive interfacial flux. The governing equations of this method; a coupled equation of Cahn-Hilliard and Navier-Stokes (CHNS) (47) equations for time dependent incompressible flow of a binary system; are given as below:
Cahn-Hilliard equation:
where C is continuous phase field variable, which takes the value -1 in the gas and 1 in the liquid. The Peclet number (Pe = UL/D) expresses the ratio between advection and diffusion, where U and L denote the characteristic velocity and length scale, and D is the bulk diffusivity. Cahn number (Cn = /L) represents the ratio between the interface width () and the characteristic length scale. (C) = (C+1) 2 (C-1) 2 /4 is the double well function (49), where its two minima represent the two stable phases for gas (C = -1) and liquid (C = 1).
Navier-Stokes equations:
Here, the Reynolds number (Re = UL/) represents the relative importance between the inertial and viscous force in the flow, the Weber number (We = U 2 L/) describes the ratio between the inertia and surface tension and  is the Newtonian viscous stress tensor,
. The density ρ(C) and viscosity of μ(C) is described as ρ(C) = 0.5[(C+1)-(ρg/ρl)(C-1)] and μ(C) = 0.5[(C+1)-(μg/μl)(C-1)] respectively, where subscript g and l denote gas and liquid phases. The last term
is the chemical potential.
As the boundary condition for the concentration on the bottom substrate, the following equation is defined, which represents both the local equilibrium and the non-equilibrium of the wetting contact angle (49)
Here f is interpreted as a friction factor at the contact line and the left hand side of the equation represents the non-equilibrium effects. eq is the equilibrium contact angle and the Young's equation
expresses the relationship between the static contact angle and surface tensions between solid and gas (sg), solid and liquid (sl), and liquid and gas(lg). g(C) = 0.5+0.75C−0.25C 3 is a polynomial in C that varies smoothly from 0 to 1 between gas and liquid phases.
Numerical treatment.
The finite element toolbox femLego (35) was used to solve axisymmetric governing equations numerically. The femLego is a symbolic tool for solving partial differential equations with adaptive finite element method. The partial differential equations and the method of solving each equation are all specified in a Maple worksheet. Boundary conditions and initial conditions are defined in both the Maple worksheet and additional files that describe the concrete values of them.
The Cahn-Hilliard equation is treated as a coupled system of the chemical potential  and the composition C. Both chemical potential and composition equations are discretized in space using piecewise linear functions and discretized in time using a three-level backward differentiation formula (BDF2). The linear systems of  and C are solved simultaneously using efficient preconditioner 2×2 blocks (50). The Navier-Stokes equations are discretized in space using P2/P1 finite elements and solved by a projection method for variable density first introduced by Guermond and Quartapelle (51). An adaptively refined and derefined mesh has been used to ensure sufficient mesh resolution along the vicinity of the interface, the needle and the bottom surface.
Set up of numerical simulations.
A set of axisymmetric simulations have been performed for the full size droplet simulations and the needle is put on the top of the droplet (fig. S15 ). In this simulation, all the surfaces were assumed to be flat and the effect of microstructures was incorporated through the contact line friction factor f of the boundary condition (eq. (S11)). As shown by (32), the applied electric field will change the initial shape of the droplet into a blunt cone, and this may have some influence on the subsequent evolution. To account for this, the initial conditions of droplet profiles were extracted from the experimental images just before touching the substrate (fig. S16 ). The droplet shapes were described as 6 order polynomials obtained by fitting to the snapshot for each applied voltage. The equilibrium contact angle on the flat surface for PW or NaCl were used for the boundary condition even in the cases corresponding to the structured surface, as mentioned in Section 3. 
section S6. Identification of contact-line friction parameter
The contact line friction parameter μf is determined by matching the time histories of spreading radius of the experiment and the CHNS simulation. As shown in fig. S17 , by using the appropriate value of f, the droplet spreading can be well described in terms not only of the time history of spreading radius ( fig.  S17 a) but also of the droplet shape ( fig. S17 b) . 
section S7. Contact-line friction from the MKT
Another way to obtain the contact line friction f is to apply the molecular kinetic theory (MKT) (52, 53) to the dynamic properties obtained from the experiment. There, f is the coefficient that expresses the relationship between the spreading speed and the driving force in the linearized form(54)
Here, VMKT is the velocity of moving contact line, which is equal to the spreading speed mentioned in the previous section and fMKT denotes the contact line friction parameter in terms of MKT. (coseq-cosd) on the right hand side represents the driving force, where , eq and d are the surface tension between liquid and gas, the equilibrium contact angle and the dynamic contact angle, respectively.
The dynamic contact angles were measured during spreading as shown in fig. S18 . The bottom interface within a distance of 0.11 mm from the substrate was extracted from the image. Then a linear line was fitted to the free surface and the dynamic contact angle was determined from the slope. Only from t=0 to t=0.24 ms, the fitting range was shortened to 0.07 mm because of the stronger curvature in the vicinity of the contact line. Figure S19 shows the time histories of the obtained dynamic contact angle. As the applied voltage increases, the dynamic contact angle decreases, and so does the difference between the dynamic contact angle and the equilibrium contact angle for both flat (fig. S19 a) and structured ( fig.  S19 b) surfaces, although the trend is more evident on the structured surfaces.
Using measured dynamic and equilibrium contact angles on each substrate and the velocity obtained by the time derivative of the power law fitting curve, we estimate the contact line friction parameter in terms of MKT (fMKT) with eq. (S11). Figure S20 shows the time histories of fMKT on flat, (5.3, 4.7), (1.1, 2.9), and (2.2, 1.8) for PW. The contact line friction parameter obtained in CHNS simulation (fCHNS) is also written next to the legend for reference. The range of the values of fMKT are in the same order of that of fCHNS. This indicates the validity of the current comparative method to estimate f using the phase field boundary condition (eq. (S10)).
If we turn to detail features of fig. S20 , there are certainly discrepancy between fMKT and fCHNS. For the low voltage cases (0 V and 50 V), fMKT is not constant and increases with time. For voltages larger than 100 V, fMKT is constant with time but the values are somewhat larger than fCHNS. One possible reason for this is the overestimation of dynamic contact angle due to the finite curvature near the contact line ( fig. S21 ), whose extent might depend on time. It is also possible that the actual f is a variant of time but in any case, it is reasonable to limit the use of fMKT to judge only the order of the actual f, and use time-invariant fCHNS for the quantitative analysis. 
section S8. Full numerical simulation of droplet spreading over a 2D ridged surface
Using the same axisymmetric CHNS simulation, we have also performed a full numerical simulation (the actual structure is resolved) for droplet spreading over a 2D ridged surface, with rectangular ridges of width a=2 μm, height h=1 μm, set b=2 μm apart. In order to reduce the computational cost, the simulated droplet size is 5 time smaller than the experimental droplet. Figure S22 shows the initial condition of the simulation, where a droplet with radious of 0.1 mm is placed on the ridge. All the boundary conditions and numerical methods are the same as the simulation desribed in Section 5.
fig. S22. Initial condition of the full numerical simulation of droplet spreading over a 2D ridged surface.
section S9. Physical map of dynamic spreading
The physical effects that dissipate energy counteracting the driving force, i.e. work done by the surface tension (24), are the viscous dissipation, the contact line friction dissipation, and the change of kinetic energy (inertia). The map that describes the leading physical effect has been previously identified by estimating their contribution to the rate of energy change as shown in table S3. In the last row, all terms are normalized by the work done by the surface tension, resulting in the non-dimensional numbers that characterize the relative dominancy of the corresponding physical effects.
With this, for instance, the condition Caf~We~1 characterizes the crossover from the contact-linefriction-dominated regime to the inertia dominated regime. Ambiguity in the velocity scale that varies with time can be eliminated by introducing the Ohnesorge number based on the line friction that describes the balance between Caf and We: Ohf = (Caf 2 /We) 1/2 = (f 2 /R) 1/2 . Similarly, the balance between Ca and We can be characterized by the usual Ohnesorge number: Oh = (Ca 2 /We) 1/2 = ( 2 /R) 1/2 . Using these Ohf and Oh, we can draw the map divided into four regimes with qualitatively different spreading dynamics ( fig. S23 ).
In the inertial dominated area (Ohf < 1, Oh < 1), the rate of change of kinetic energy balances the driving surface tension, and we thus expect We~1. This gives the velocity scale U ~ (/R) 1/2 and the inertial time scale (R 3 /) 1/2 . On the other hand, in the inertial+contact-line-friction dominated area (Ohf > 1, Oh < 1/Ohf), the spreading is governed by the large contact line friction dissipation, but the low enough liquid viscosity makes the flow inside the droplet inertial. Here, we obtain Caf~1 and U~/f, where the strong dependence on surface properties would be observed. Note that in order to keep the flow inside the droplet inertial, we need to consider the Reynolds number and add the condition Oh < 1/Ohf for this area.
Because the viscosity of the liquids is small (0.001 Pa·s) in this work, Oh stays less than of order unity and all the experimental results are plotted in the range from inertial+contact-line-friction dominated area to the inertial dominated area ( fig. S23 ). Without voltage (purple circles), the contact line friction parameter f is relatively large and the results are plotted around the boundary between two areas i.e., the surface property partially dominates the droplet spreading. On the other hand, when the voltage is applied (blue diamonds at 100 V and red triangles at 200 V), the experimental results shift to the inertial dominated area where the contact line friction dissipation is so small that it does not contribute to the spreading dynamics. 
